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合型催化剂，将 CO2加氢合成甲醇与甲醇脱水生成 DME 两个过程串联起来，将
中间产物甲醇原位转化为 DME 可望提升 CO2加氢转化的推动力，从而提高甲醇
和 DME 的单程产率。 
多壁碳纳米管(MWCNTs，简写为 CNTs，下同)是一类新奇的纳米碳素材料。




体和/或高效促进剂；选择某些金属（诸如 Co, Ni, Pd）对 CNTs 表面进行修饰可
望提高其助催化性能。 
本文研发一种 Pd 修饰 CNTs 促进的 Cu-ZrO2/HZSM-5 双功能混合型催化剂，
该催化剂对 CO2加氢经甲醇直接合成 DME 显示出优异的催化剂性能；优化加氢
催化剂组分—CuiZrj-x%Pd/CNTs 的组成、脱水催化剂组分—HZSM-5 沸石分子筛
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1. x%Pd/CNTs 促进的 Cu-ZrO2/HZSM-5 双功能混合型催化剂的制




促进的 Cu-ZrO2 与 HZSM-5 沸石分子筛混合的双功能混合型催化剂，将其用于
CO2加氢合成甲醇和甲醇脱水生成 DME 串联催化一器化，实现由（CO2+H2）经
甲醇直接合成 DME。在所制备的(Cu2Zr3-10%(3%Pd/CNTs))/30%HZSM-5 双功能
混合型催化剂上，在5.0 MPa，523 K，V(H2)/V(CO2)/V(N2) = 69/23/8，GHSV = 25000 
mLSTP/(h g-hydr. catal.)的反应条件下，CO2加氢转化率（XCO2-hydr.）和逆水煤气变换
转化率（XCO2-RWGS）分别达到 12.5%和 6.4%，产物 DME 的选择性（SDME）以及
时空产率（STYDME）分别达到 51.8%和 579 mg/(h g-hydr. catal.)，该 STYDME值是非促
进的双功能混合型催化剂（Cu2Zr3/30%HZSM-5）相应值（413 mg·/(h g-hydr. catal.)）
的 1.40 倍。在上述 3%Pd/CNTs 促进的双功能混合型催化剂上，CO2加氢反应的




果表明，Pd 修饰的 CNTs 可作为 CO2加氢经甲醇直接合成 DME 用的双功能混合
型催化剂（Cu-ZrO2/HZSM-5）的高效促进剂；同时也证明：利用双功能混合型
催化剂，将 CO2加氢合成甲醇与甲醇脱水生成 DME 两个过程串联催化一器化，
的确能提升 CO2加氢转化的推动力，从而大幅度提高 CO2加氢转化的效率。 
1.2 HZSM-5 沸石分子筛的 Si/Al 摩尔比和添加量对催化剂性能的影响 
所用 HZSM-5 沸石分子筛的 Si/Al 摩尔比和添加量对双功能催化剂性能有显
著影响。为获得单位质量 HZSM-5 沸石分子筛尽可能高的脱水效率，考察并比
较三种 HZSM-5 沸石分子筛（Si/Al 摩尔比分别为 38, 50, 80）、各自不同添加量
（在 10%~50%范围）对相应催化剂性能的影响。实验结果显示，以 Si/Al = 38
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操作稳定性。增加 HZSM-5（脱水催化组分）的用量固然有助于提高 DME 的选
择性，但过高的“HZSM-5 组分对 Cu-ZrO2基组分的质量比”必将导致 XCO2-hydr.
显著下降， STYDME & CH3OH.锐减。 
1.3 双功能混合型催化剂混合方式的影响 
双功能混合型催化剂包含负责 CO2 加氢制甲醇的 Cu-ZrO2 组分和负责甲醇
脱水生成 DME 的 HZSM-5 沸石分子筛组分。在催化剂制备过程中，两种组分的
混合方式对催化剂的性能有显著影响。用“分步沉淀-湿混法”制备的催化剂
Cu2Zr3-10%(3%Pd/CNTs)/30%HZSM-5，在上述 5.0 MPa，523 K 的条件下，其
STYDME达到 579 mg/(h g-hydr. catal.)，是“分步沉淀-干混法”制备催化剂相应值（503 
mg/(h g-hydr. catal.)）的 1.15 倍。“湿混法”更利于两种组分的相互分散、交混接触，
有助于中间产物甲醇的原位转化。“分步沉淀-沉积法”制备的催化剂上 CO2加氢
转化率和 DME 的时空产率均最低，其原因很可能缘于催化剂制备过程中，部分






CO2加氢经甲醇合成 DME 的操作稳定性的考察在上述 5.0 MPa，523 K 的条件下
进行，结果显示，在经历大约 20 h 反应过渡期之后，催化剂进入操作稳定态，
反应 200 h 后仍没有观察到失活的迹象，显示出良好的应用前景。 
2. 双功能混合型催化剂及其参比体系的表征 
2.1 TEM 观测 
Pd 修饰 CNTs 的 TEM 照片显示，金属 Pd 纳米颗粒均匀的分散在 CNTs 内
外表面，形状和尺寸相当均一，金属 Pd 颗粒粒径估计 4 nm。3%Pd/CNTs 促进
的催化剂的 TEM 照片显示，3%Pd/CNTs 均匀的分散在 Cu2Zr3基质催化剂中。 
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Cu2Zr3-10%CNTs 和 Cu2Zr3）的 Cux
0晶粒粒径大小有别；利用 Scherrer 公式可估
算它们的 Cux
0晶粒粒径分别为 20、22、28 和 35 nm。这暗示着四种催化剂 Cu0-SA
的 高 低 顺 序 为 Cu2Zr3-10%(3%Pd/CNTs)/30%HZSM-5 > 
Cu2Zr3-10%(3%Pd/CNTs) > Cu2Zr3-10%CNTs > Cu2Zr3；这个顺序与四种催化剂金
属 Cu 暴露面积的测量结果相一致。 




其 Zr4+(3d5/2, 3/2) 的结合能分别为 182.0/184.4 eV；Cu-物种的存在形态主要是Cu
0，
其次为Cu+，它们的Cu0(2p3/2, 1/2) 和 Cu
+
(2p3/2, 1/2) 的结合能分别为932.7/952.7 eV
和 931.7/951.7 eV；被测四种催化剂（Cu2Zr3-10%(3%Pd/CNTs)/30%HZSM-5，
Cu2Zr3-10%(3%Pd/CNTs)，Cu2Zr3-10%CNTs 和 Cu2Zr3）的表面 Cu
0
-物种在各自
表面 Cu 总量中所占摩尔分率估计分别为：89%，87%，84%和 76%。这个高低
顺序同这些催化剂上所观测 CO2 加氢比反应速率的高低顺序相一致。这个结果
连同上述催化活性评价、XRD 分析和 Cu 表面积测量的结果，为“表面 Cu0物种
是负责 CO2加氢制甲醇的催化活性 Cu 物种”的论断提供强有力的实验支持。 
2.4 催化剂氧化态前驱物的 H2-TPR 测试 
三种催化剂氧化态前驱物的 H2-TPR 测试结果显示，它们可还原性高低顺序
为：Cu2Zr3-10%(3%Pd/CNTs)/30%HZSM-5 > Cu2Zr3-10%CNTs/30%HZSM-5  > 
Cu2Zr3/30%HZSM-5，与三种催化剂对氢的吸附能力的高低顺序相一致。这个结
果很可能暗示：作为促进剂的 CNTs 或 3%Pd/CNTs，在通过吸附/活化 H2以提高
催化剂的可还原性方面，起着重要作用。可以想象，较低的还原温度将有助于抑
制 H2-还原产生的金属 Cu 微晶粒度的增长，有利于增大金属 Cu 暴露面积，从而
提高催化剂的加氢活性。 
2.5 预还原催化剂 H2(或 CO2) -TPD 测试 
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3%Pd/CNTs）的催化剂较之不含 CNTs 或 3%Pd/CNTs 的对应物能吸附更大量的
H2或 CO2。在与 CO2加氢直接合成 DME 相关的温度区域（463~723 K），三种预
还 原 催 化 剂 （ Cu2Zr3-10%(3%Pd/CNTs)/30%HZSM-5 、
Cu2Zr3-10%CNTs/30%HZSM-5 和 Cu2Zr3/30%HZSM-5 ）的 H2-TPD 曲线和
CO2-TPD 曲线的相对面积强度比分别为：100/75/47 和 100/76/56。这个顺序与这
三个催化剂上 CO2加氢经甲醇直接合成 DME 的反应活性高低顺序相一致。 
表观活化能的对比测量结果显示，适当添加 CNTs 或 3%Pd/CNTs 到
Cu2Zr3/30%HZSM-5 基质催化剂中并不引起 CO2加氢经甲醇直接合成 DME 反应
的表观活化能（Ea）发生明显变化；在 Cu2Zr3-10%(3%Pd/CNTs)/30%HZSM-5，
Cu2Zr3-10%CNTs/30%HZSM-5 和 Cu2Zr3/30%HZSM-5 等三种催化剂上，在 2.0 
MPa，463543 K，V(H2)/V(CO2)/V(N2) = 69/23/8，GHSV = 30000 mLSTP/(h g-hydr. catal.)
的反应条件下，所测得表观活化能分别为 26.8，26.5 和 27.5 kJ/mol。这个结果
很可能暗示，CNTs 或 3%Pd/CNTs 促进剂的加入并不改变 CO2 加氢转化速率决
定步骤的反应途径。 




(x = 0, 




关。基于上述 H2(或 CO2)-TPD 的测试结果看来，似乎在本文 CO2加氢的反应条
件下，在 3%Pd/CNTs (或 CNTs)促进的 Cu/ZrO2基催化剂工作态表面，存在着更
大量的可逆吸附 H(a)和 CO2(a)物种；这将营造具有较高稳定浓度的吸附 H(a)和
CO2(a)物种的表面微环境，有助于提高 CO2加氢反应的速率。 
2.6 预还原催化剂的 NH3-TPD 测试 
NH3 在预还原催化剂上吸附的 TPD 测试结果揭示，Cu2Zr3-基加氢组分同
HZSM-5 沸石分子筛组分可能产生的相互作用不同程度上导致 NH3-脱附峰的强
度增加、位置上移，表明双功能混合型催化剂表面酸性位的浓度和强度显著增加。
十分显然，在 CO2加氢经甲醇直接合成 DME 的反应温度（本文为 ≥ 463 K）
条件下，过强或者过弱的表面酸性位对甲醇（反应中间产物）脱水生成 DME 都
少有贡献；与甲醇脱水生成 DME 的反应活性密切相关的，是那些中等强度的表
面酸性位。在与 CO2加氢经甲醇直接合成 DME 相关的温度区域（463~723 K），
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SCu2Zr3-10%(3%Pd/CNTs)/30%HZSM-5/ SCu2Zr3-10%CNTs/30%HZSM-5/SCu2Zr3/30%HZSM-5 = 100/84/72，暗
示 在 三 种 催 化 剂 工 作 态 表 面 中 强 和 强 酸 性 位 浓 度 高 低 顺 序 为 ：
Cu2Zr3-10%(3%Pd/CNTs)/30%HZSM-5>Cu2Zr3-10%CNTs/30%HZSM-5>Cu2Zr3/30
%HZSM-5，与所观测这些催化剂对 CO2 加氢经甲醇直接合成 DME 的催化活性
高低顺序相一致。 
3. 结论 
 Pd 修饰 CNTs 可作为 CO2加氢经甲醇直接合成 DME 用的双功能混合型催化
剂 Cu-ZrO2/30%HZSM-5 的高效新型促进剂；Pd 修饰的 CNTs 促进的催化剂
对H2和CO2的优异吸附能力在促进CO2加氢比反应速率的提高起重要作用。 
 利用双功能混合型催化剂，将 CO2加氢合成甲醇与甲醇脱水生成 DME 的两
个过程串联催化一器化，的确能显著提高 CO2加氢转化的推动力；在本文研
发的 Cu2Zr3-10%(3%Pd/CNTs)/30%HZSM-5 催化剂上，在 5.0 MPa，523 K 的




关键词：Pd 修饰 CNTs；Pd 修饰 CNTs 促进的 Cu-ZrO2/HZSM-5 双功混合能催化























The greenhouse effect caused by carbon dioxide has been recognized as one of 
the most serious global problems. In order to improve climate conditions, it is 
desirable to develop methods to convert CO2 into valuable chemicals. Among the 
many options considered, methanol synthesis through CO2 hydrogenation had 
attracted attention previously, while more recently direct synthesis of DME from 
CO2/H2 via CH3OH has become an active research topic.  
CO2 is one of the most stable compounds. Most reactions including CO2 as a 
reactant are not favorable thermodynamically. For methanol synthesis from CO2/H2, 
the equilibrium conversion of CO2 is rather low even at a commercially desirable 
operating temperature of ~523 K. To the other end, DME is considered not only as a 
useful building block for synthesizing important chemicals but also as an alternative 
clean fuel for diesel engines. DME can easily be obtained through dehydration of 
methanol over solid acids. There have been many attempts to combine the process of 
methanol synthesis with that of methanol dehydration in heterogeneous ―one-pot‖ 
reactions to produce DME from CO2/H2 by using hybrid catalysts. It is expected that 
the in-situ transformation of methanol to DME would become a driving force for the 
CO2 hydrogenation-conversion, thereby improving the total yield of methanol and 
DME.  
Multi-walled carbon nanotubes (simplified as CNTs in later text), as a novel 
nano-carbon material, have been drawing a lot of attention in recent years. Some 
catalytic studies conducted so far on CNT-based (or doped) systems have shown that 
the CNTs or CNT-based materials decorated by some of transition metals (such as Co, 
Ni, Pd, etc) could act as a novel carrier and/or promoter of the catalysts for some 
catalytic processes related to adsorption-activation and spillover of hydrogen, e.g., CO 
or CO2 hydrogenation to yield alcohols.  
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CNT-promoted Cu-ZrO2 admixed with HZSM-5 zeolite was developed. Its 
application to direct synthesis of DME from CO2/H2 via CH3OH was studied. The 
catalyst displayed excellent performance for the direct DME synthesis from CO2/H2 
in heterogeneous ―one-pot‖ reactions. By means of SEM/TEM/EDX, XRD, XPS, 
TPR, and H2(or CO2, NH3)-TPD, the catalysts were characterized. The nature of 
promoter action by the CNT-based nano-materials was discussed. The results shed 
some light on understanding the mechanism of promoter action by the CNT-additive 
and on the design of practical catalysts for the direct synthesis from CO2/H2 via 
CH3OH. The progress obtained in the present work was briefly described as follows. 
1. Preparation of x%Pd/CNT-promoted Cu-ZrO2/HZSM-5 bi-functional 
hybrid catalyst and its performance for direct synthesis of DME from 
CO2/H2  
1.1 Performance of the bi-functional hybrid catalyst with the composition 
optimized 
Using the metallic Pd-decorated CNTs as promoter, a type of bi-functional 
hybrid catalyst of Pd-decorated CNT-promoted Cu-ZrO2 admixed with HZSM-5 
zeolite was developed, and displayed excellent performance for the direct synthesis of 
dimethyl ether (DME) from CO2/H2 via CH3OH in a single fixed-bed continuous flow 
reactor. Over a bi-functional hybrid catalyst with the composition optimized, 
Cu2Zr3-10%(3%Pd/CNTs)/30%HZSM-5, under reaction conditions of 5.0 MPa, 523 
K, V(H2)/V(CO2)/V(N2) = 69/23/8, GHSV = 25000 mLSTP/(h g-hydr. catal.), conversion of 
CO2 hydrogenation (XCO2-hydr.) reached 12.5%, with the corresponding selectivity and 
space-time-yield of DME (SDME and STYDME) reaching 51.8% and 579 mg/(h g-hydr. 
catal.), respectively. This STYDME value was 1.40 times that (413 mg/(h g-hydr. catal.)) of 
the Pd/CNTs-free counterpart, Cu2Zr3/30%HZSM-5, under the same reaction 
conditions. The specific reaction rate of CO2 hydrogenation over the bi-functional 
hybrid catalyst reached 0.39 µmol/(s m
2
-Cu SA), being 1.22 times that (0.32 µmol/(s 
m
2
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results indicated that the Pd-decorated CNTs could act as a novel promoter for the 
bi-functional hybrid Cu-ZrO2/HZSM-5 catalyst for direct synthesis of DME from 
CO2/H2 via CH3OH, and these results also demonstrated that combining the 
methanol-synthesis and methanol-dehydration-to-DME processes in heterogeneous 
―one-pot‖ reactions by using the bi-functional hybrid catalyst could indeed enhance 
the driving force for CO2 hydrogenation-conversion.  
1.2 Effect of the Si/Al molar ratio and adding amount of HZSM-5 on the 
catalyst performance 
The Si/Al molar ratio and the dosage of the used HZSM-5 zeolite have marked 
effect on the performance of the corresponding hybrid catalyst for CO2 hydrogenation 
to yield DME via methanol. The experimental results showed that, in order to obtain 
high efficiency of HZSM-5 of unit mass for methanol-dehydration, 30%-doping 
amount of HZSM-5 with Si/Al molar ratio = 38 was optimal among the three tested 
HZSM-5 (the Si/Al molar ratio = 38, 50, 80) and the respective five doping-amount in 
the range of 10%55%. There were more acid-sites at the surface of HZSM-5 with 
lower Si/Al ratio, thus displaying higher catalytic activity for methanol dehydration. 
While the increase of the dosage of dehydration catalyst (HZSM-5) was conducive to 
improving DME selectivity, too high a mass ratio of dehydration 
catalyst/hydrogenation catalyst would result in marked decrease of XCO2-hydr., and in 
turn, STYDME & CH3OH.  
1.3 Effect of mixing method in the bi-functional hybrid catalyst preparation  
The bi-functional hybrid catalyst was composed of the CuZr-based component 
responsible for CO2 hydrogenation to methanol and the HZSM-5 zeolite component 
responsible for methanol dehydration to DME. The way of mixing the two 
components has marked effect on the performance of the prepared hybrid catalyst. 
Over the Cu2Zr3-10%(3%Pd/CNTs)/30%HZSM-5 catalyst prepared by the ―stepwise 
precipitation/slurry mixing‖ method under the aforementioned reaction conditions of 
5.0 MPa and 523 K, STYDME reached 579 mg/(h g-hydr. catal.), being 1.15 times that (503 
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dry-powder grinding‖ method. The ―slurry mixing method‖ was more favorable to 
inter-dispersion and contact of the CuZr-based component with HZSM-5 component, 
thus being more conducive to in-situ transformation of the intermediate product, 
methanol, to DME. The activity of the catalyst prepared by the ―stepwise 
precipitation-deposition‖ method was the lowest. It was likely that exchange of H
+
 in 




 to form NaZSM-5 or CuZSM-5 occurred in the 
catalyst preparation process, resulting in the decrease of the number of the surface 
acid-sites on the dehydration catalyst, subsequently leading to disconnection between 
the CO2 hydrogenation and the CH3OH dehydration. Among the three methods tested, 
the ―stepwise precipitation–slurry mixing‖ method to prepare the bi-functional hybrid 
catalyst was the most effective.  
1.4 Operation stability of the bi-functional hybrid catalyst  
The test of operation stability of the bi-functional hybrid catalyst, 
Cu2Zr3-10%(3%Pd/CNTs)/30%HZSM-5, for direct synthesis of DME from CO2/H2 
via CH3OH under the reaction conditions of 5.0 MPa and 523 K showed, after ~ 20 h 
of ―running in‖ stage of the reaction, the catalyst reached a stable state, with no sign 
of deactivation observed after 200 h of reaction, showing a good practical prospect.  
2. Characterizations of 3%Pd/CNT-promoted Cu-ZrO2/HZSM-5 bi-functional       
hybrid catalyst and the reference systems    
2.1 TEM characterization of the catalysts  
TEM observation showed that Pd nanoparticles in the 3%Pd/CNTs as promoter 
were fairly uniform in shape and size, and well dispersed on the CNTs surface. The 
Pd-particle diameters are estimated to be below 4 nm, and the 3%Pd/CNTs appeared 
to be evenly dispersed in the Cu2Zr3 host catalyst.   
2.2 XRD post-analysis of the catalysts  
XRD post-analysis displayed that the metal Cu component existed mainly in the 
forms of Cux
0
, while ZrOx component was highly dispersed although the presence of 
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